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Cobalt catalysts were prepared on supports of SiO2 and c-Al2O3 by the impregnation method, using a
solution of Co precursor in methanol. The samples were characterized by XRD, TPR, and Raman spectros-
copy and tested in ethanol steam reforming. According to the XRD results, impregnation with the
methanolic solution led to smaller metal crystallites than with aqueous solution, on the SiO2 support.
On c-Al2O3, all the samples exhibited small crystallites, with either solvent, due to a higher Co-support
interaction that inhibits the reduction of Co species. The TPR results were consistent with XRD results
and the samples supported on c-Al2O3 showed a lower degree of reduction. In the steam reforming of
ethanol, catalysts supported on SiO2 and prepared with the methanolic solution showed the best H2,
CO2 and CO selectivity. Those supported on c-Al2O3 showed lower H2 selectivity.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
The increasing demand for energy, combined with the global
need to reduce emissions of pollutants and greenhouse gases
makes ethanol steam reforming (reaction (1)) a viable alternative
route for H2 production [1]. The thermodynamic properties of this
reaction allow a high ethanol conversion at low temperatures. Also,
ethanol is a renewable source that can be produced from biomass
and a less toxic fuel than methanol. The ethanol steam reforming
(ESR) is viable at temperatures above 500 K, the main products
being H2, CO2, CO and CH4 [2].
CH3CH2OHþ 3H2O! 6H2 þ 2CO2 DH0298 ¼ þ174 kJmol1 ð1Þ
Industrially, for many catalytic processes, noble metal catalysts
are used [3], but the high cost and low availability of these metals
have led to a search for alternative metals, cheaper and more read-
ily available [4].
Haga et al. [5] studied the catalytic properties of the metals Zr,
Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, Sb, Ru, Pt and Rh supported on Al2O3
in ESR at 673 K and the catalyst Co/Al2O3 exhibited the highest
selectivity for H2 production. However, non-noble metals favor
carbon deposition and, consequently the reduction of the carbon
deposition rate is the main challenge for the application of these
common metals in the ethanol steam reforming process.
Batista et al. [6,7] studied the performance of Co catalysts sup-
ported on Al2O3, SiO2 and MgO in catalyzing ESR at 673 K. They ob-: +55 16 33739952.
evier OA license.served that all these catalysts suffer deactivation due to the
formation of carbon on the surface. However, it was also observed
that, during the reaction, the CO produced reacted with the H2O by
the water–gas shift reaction (WGSR) and the Co/Al2O3 was the
most active catalyst for CO removal.
The activity of cobalt catalysts is depended on the numbers of
active sites after the reduction and the active site numbers could
be determined by the metallic Co particle size, loading amount,
dispersion and reduction degree. Synthesis of highly dispersed Co
catalysts requires strong interaction between the support and the
Co precursor, which forms ﬁne CoO or Co3O4 clusters. Considering
catalysts of Co supported on SiO2, the weak interaction between
cobalt and silica favors the reduction of cobalt precursor and
promotes agglomeration of cobalt particles, reducing the
dispersion of supported cobalt and the numbers of active sites [8].
Ho and Su [9] used ethanol as a solvent of impregnation for
preparation of catalysts of Co supported on SiO2. They found that
using ethanol as solvent, instead water, more Co–SiO2 interaction
species were formed and also, a decreasing of Co3O4 crystallite size
was observed. According to the authors, the smaller Co3O4 crystal-
lite size is attributed to the presence of ethoxyl groups (Si–O–C2H5)
on silica and/or Co3O4 surface which hindered the sintering of
Co3O4 by physically interfering during the thermal decomposition
of nitrates, resulting in a higher percentage dispersion of cobalt
metal.
Song and Ozkan [10] studied the effect of impregnation
medium, water or ethanol, on the activity of Co/CeO2 catalysts in
ethanol steam reforming. They found that both of the samples have
similar particle sizes for Co3O4 after calcinations, suggesting that
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Co3O4 crystallite size. But, the crystallite sizes for the reduced
and spent sample showed difference, with a decreasing for the
sample prepared with ethanol, suggesting that impregnation med-
ium is suppressing particle growth during reduction and reaction.
They also found that catalysts prepared using ethanol during
impregnation gave higher H2 yields than those prepared in aque-
ous media. Results of characterization showed the presence of oxy-
genated carbonaceous species left on the surface from the
impregnation step. The authors suggested that these oxygenated
carbonaceous species are stable through oxidation and reduction
pre-treatment steps, and may possibly contribute to the activity,
selectivity and stability of the catalysts by keeping the Co particles
segregated and by blocking the sites for side reactions.
In light of the above points, the goal of this study was to assess
the effect of using methanol as the impregnation solvent in the
preparation of the Co catalysts, supported on SiO2 and Al2O3, in
the ethanol steam reforming reaction.2. Experimental
2.1. Preparation
10 wt% Co catalysts supported on SiO2 and Al2O3 were prepared
from Co(NO3)26H2O solution by the impregnation method. The
Co(NO3)26H2O salt was dissolved in methanol in the proportion
of 1.48% (w/v) of Co, at room temperature, and was stirred contin-
uously for 12 h. The support (SiO2 or Al2O3) was impregnated with
this solution in a rotavapor at 60 C for 3 h, and then dried at 100 C
for 6 h. At this step, the samples are named CoSi(M) and CoAl(M).
The dried samples were calcined in air at 550 C for 2 h and named
CoSi(MC) and CoAl(MC).
To reveal the effect of using methanol, two samples were pre-
pared with water as solvent, using the same supports, SiO2 and
c-Al2O3, and the same composition and conditions. These samples
were calcined at 550 C for 2 h and named CoSi and CoAl.2.2. Characterization
The crystal structures were investigated by X-ray diffraction
(XRD), in a Rigaku Multiﬂex X-ray diffractometer with a Cu Ka
(k = 1.5418) radiation source and a scan rate of 2min1 from 3
to 80. The samples were analyzed both before and after having
been reduced ex situ at 700 C under H2. The Scherrer equation
was used to estimate the Co metal crystallite particle size
(D = K  kb  cos(h), where D = particle diameter; h = Bragg angle;
b = line broadening at half the maximum intensity in radians;
K = 0.9, for a sphere-like particle; = 1.5406 Å).
Speciﬁc surface areas of the oxides were measured by N2
adsorption/desorption tests, according to the BET method, using
a Quantachrome NOVA 1000e surface area analyzer.
Temperature Programmed Reduction (TPR) of the catalysts was
carried out in a quartz U-shaped tube reactor with a mixture of H2
(1.96%)/Ar ﬂowing at 30 mL min1. Hundred milligram of the cata-
lyst was heated from room temperature to 1000 C at the rate of
10 C min1. The water produced in the reaction was removed by
driving the exit stream through a tube containing silica gel. The
dried outlet gas was analyzed by a thermal conductivity detector
(TCD) and the H2 consumption was measured by comparing the
peak area to that of a standard CuO sample.
Raman spectroscopy was used to characterize the carbon after
the reaction. The Raman spectra were run with a Lambda Solution
Dimension-P2 instrument equipped with a CCD detector. The sam-
ples were excited with a laser at wavelength 785.01 nm and power36.0 mW and the spectra were acquired in ﬁve scans of 180 s for
each sample.
2.3. Catalytic tests
The catalytic tests were performed at atmospheric pressure, in a
ﬁxed-bed tubular quartz micro-reactor. The product composition
was recorded over 6 h of reaction.
Prior to the reaction, 150 mg of the catalyst, sieved in the range
of 60–100 mesh, to avoid diffusion effects, and freshly calcined,
were introduced into the reactor and reduced in situ in ﬂowing
H2 (40 mL min1) at 700 C (10 C min1) for 1 h, to activate the
catalyst. Next, the sample was brought to the reaction temperature
(550 C) under a ﬂow of pure N2. The catalytic bed temperature
was controlled by a thermocouple introduced close to the catalytic
bed. The reaction was started in a hydrogen-free feed. The catalysts
were tested in a feed of molar ratio H2O:ethanol = 3:1, ﬂowing at a
constant 2.5 mL h1(WHSV = 16.7 mL h1 g1 Cat). The gaseous
products were analyzed in-line by gas chromatography in a
CG-3800 Varian chromatograph with two TCDs, detecting the
efﬂuents from Porapak N and Molecular Sieve columns. After the
reaction, the condensed liquid products were collected and
analyzed by gas chromatography (Hewlett Packard 5890), with
HP-FFAP capillary column (25 m  0.2 mm i.d.) and FID detector.
The conversion of ethanol was considered as the difference of the
total volume of condensed ethanol and the total volume of ethanol
inlet during the test.
The selectivity for each product was calculated by the following
equation:
Selectivity for i ¼ Fi;produced=Fethanolconverted ð2Þ
where i is the product of reaction (H2, CH4, CO2, CO or C2H4),
Fi produced the molar ﬂow rate of i produced in outlet stream, and
Fethanol converted is the molar ﬂow rate of ethanol converted.
Carbon deposition was determined as the difference between
the mass of the fresh catalyst before reaction and the mass of used
catalyst.3. Results
Fig. 1A presents the X-ray patterns of Co catalysts supported on
SiO2. The sample CoSi(MC), prior to reduction, showed the spinel
phase Co3O4, identiﬁed by the diffraction peaks at 31.4; 36.9;
45.1; 59.83 and 65 [11–13].
After the reduction with H2, it was observed that the Co3O4 was
completely reduced to Co0, characterized by the peaks at 44.2 and
51.6. The samples CoSi and CoSi(M) in the reduced form also
exhibited only Co0 peaks.
Fig. 1B displays the main Co0 peak for all three reduced samples,
with the crystallite particle sizes estimated by the Scherrer equa-
tion. According to Fig. 1B, the samples prepared with methanolic
solution, CoSi(M) and CoSi(MC), showed lower crystallinity than
the sample prepared with aqueous solution, suggesting that the
synthesis with methanol led to a smaller aggregation of the species
of Co0 after the reduction treatment. Among the reduced catalysts
prepared with methanolic solution, the CoSi(MC) exhibited smaller
crystallite particles than CoSi(M), indicating that the calcination
stabilized the cobalt atoms in the SiO2 structure, preventing the
sintering of the Co0 species, which favors catalyst deactivation.
These results agree with those of Hu and So [9], who compared cal-
cined cobalt catalysts supported on SiO2 by impregnation using
ethanol and water as solvent, they found that the sample prepared
with ethanol led a better dispersion than the sample prepared
using water (CoSi–ethanol = 15.7%; CoSi–water = 12.6%), by the
formation of lower crystallites of Co3O4 when ethanol was used
Fig. 1. X-ray patterns of: (A) Co/SiO2 catalysts (d = Co0; D = Co3O4) and (B) main
peak region of Co0. Fig. 2. X-ray patterns of: (A) Co/c-Al2O3 catalysts (d = Co0 (fcc); D = Co3O4; s =
c-Al2O3) and (B) main peak region of Co0.
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also found that the use of ethanol as solvent of impregnation de-
creased the value of Co0 crystallite size (Co/CeO2–water = 12 nm;
Co/CeO2–ethanol = 8 nm).
The smaller aggregation of the species of cobalt by use of meth-
anol as solvent can be occurring by a formation of a monolayer
coating the particles with the metallic precursor, in the case
Co(NO3)2, during the impregnation. The non-polar groups (methyl
groups) experience weak forces, such as Van der Waals forces. The
hydroxyl groups of alcohol, the polar group, are associated by
strong interactions, hydrogen bonds, which results in a separation
of particles protected by the solvent, preventing the crystal growth
[14] during the calcination and reduction process.
Fig. 2A presents the X-ray patterns of cobalt catalysts supported
on c-Al2O3 and peaks referring to c-Al2O3 at 67.1 and 45.8 are ob-
served. For CoAl(MC), prior to reduction, peaks referring to Co3O4
are found. For the reduced catalysts, the peaks for Co0 (2h = 44.2
and 51.6) are observed, but it is still possible to observe peaks
referring to cobalt in the oxide form, Co3O4, indicating a partial
reduction of the samples, probably due to a strong Co-support
interaction which can stabilize these species and hinder the reduc-
tion to Co0. O’Shea et al. [15] studied the behavior of Co3O4 during
ethanol steam reforming by in situ XRD measurements. According
to the authors, up to 275 C there is only the presence of Co3O4
crystalline phase and under these conditions ethanol was dehydro-
genated to acetaldehyde. With increasing in the temperature,
Co3O4 is reduced to CoO and small metallic cobalt particles. At
400 C, it is observed the presence of both CoO and Co phases,
which was very selective in the steam reforming of ethanol.The crystallite particle size was estimated for the peak at
2h = 51.6, due to the proximity of the 44.2 peak to the c-Al2O3
peak, the values being given in Fig. 2B. The calcined catalyst sub-
jected to reduction displayed the smallest crystallites and this
may be explained by a strong Co-Al2O3 interaction by solid state
reactions during the thermal treatment.
From these results, it can be inferred that the thermal treatment
is the most important step in obtaining good dispersion and small
crystallites. The explanation for the occurrence of smaller metal
crystallites on c-Al2O3 than on SiO2 is that on SiO2 most of the
cobalt is found in the form of Co3O4, while on Al2O3 it is found
interacting with the Al2O3, which impedes aggregation of Co
species during the reduction process and thus decrease the metal
particle size.
Values of speciﬁc surface area for the calcined samples
indicated that the samples prepared using methanol as solvent of
impregnation presented high values of area for both supports:
c-Al2O3 (CoAl(MC) = 191 m2 g1; CoAl = 120 m2 g1) and SiO2
(CoSi(MC) = 216 m2 g1; CoSi = 99 m2 g1).
The TPR patterns of cobalt catalysts supported on SiO2 and
Al2O3 are presented in Fig. 3 and the H2 molar consumption corre-
sponding to each peak in Table 1. The results obtained agree with
those in the literature [12,13]. Thus for CoSi(M), two reduction
peaks were identiﬁed around 300 C, with the maximum reduction
at 260 C (/) that can be attributed to the cobalt nitrate decompo-
sition, which is completed when the temperature is above 300 C.
According to Song and Ozkan [10], studies by Raman spectroscopy
indicated that the temperature of nitrate decomposition coincides
A.F. Lucredio et al. / Fuel 90 (2011) 1424–1430 1427with the temperature of Co3O4 formation. The second peak at
320 C (a) can be attributed to reduction of Co3+ to Co2+ and the
(b), around 420 C, attributed to the reduction of Co2+ to Co0 [4].
These results agree with Song and Ozkan [10], who observed by
in situ XRD at reduction conditions that the disappearance of the
Co3O4 phase and the appearance of the CoO phase coincide at a
reduction temperature of 350 C and that the diffraction line corre-
sponding to CoO phase disappears above 400 C with the metallic
Co phase appearing at 450 C.
The TPR proﬁles for CoSi(MC) and CoSi reveal that the thermal
treatment makes the metal-support interaction stronger, irrespec-
tive of the method used for the catalyst preparation, causing the
peaks to shift to higher temperatures. For these catalysts, the ﬁrst
peak of reduction (a) is shifted to 390 C and is again attributed to
the reduction of species Co3+ to Co2+. The peaks b and c identify the
reduction of Co2+? Co0. Besides these peaks, there is a peak above
600 C (h) referring to the reduction of Co species interacting moreFig. 3. TPR patterns of the cobalt catalysts supported on (A) SiO2 and (B) c-Al2O3.
Table 1
Molar consumption of H2 from TPR patterns (mol g1  105).
Catalyst H2 consumption (mol g1  10+5)
/ a b h Total
CoSi(M) 7.9 7.7 8.3 – 23.9
CoSi(MC) – 5.8 18.4 1.8 26.0
CoSi – 4.0 16.3 3.2 23.4
CoAl(M) 5.6 10.8 4.8 2.8 24.1
CoAl(MC) – 3.0 4.7 8.4 16.2
CoAl – 2.4 4.3 5.2 11.9strongly with the SiO2 support [7]. The total H2 consumption by the
SiO2-supported catalysts is close to the theoretical value,
22.4  105 mol of H2, suggesting a total reduction of these cata-
lysts in agreement with the XRD results of the reduced samples.
Fig. 3B presents the TPR patterns for the catalysts supported on
c-Al2O3, which behaved similarity to the catalysts supported on
SiO2. The sample CoAl(M) shows the peaks a, b and c shifted to
lower temperatures than the sample submitted to calcinations.
Lastly, in the CoAl(M) proﬁle, the peak h is found located in the
same range of temperature as that for the catalysts CoAl(MC) andFig. 4. Gaseous composition of products of ESR on catalysts supported on c-Al2O3,
at 550 C, plotted against time on stream.
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samples.
For the sample CoAl(MC), the reductions are of the same nature
as those observed for the catalysts supported on SiO2, with a small
shift to higher temperatures relative to sample CoAl. The H2 con-
sumption for the calcined samples CoAl(MC) and CoAl is much
lower than for CoAl(M), indicating strong metal-support interac-
tions that impede complete reduction by stabilizing the cobalt
oxide species.
3.1. Catalytic tests
Figs. 4–7 present the catalytic test results for ethanol steam
reforming at 550 C. The ethanol conversion and carbon formation
are shown in Table 2. Analysis of the liquid products collected from
the reaction efﬂuent indicated the formation of acetaldehyde and
ketone in trace amounts.
Fig. 4 shows the gaseous product composition for the catalysts
supported on c-Al2O3 and it can be seen that ethylene concentra-
tion rises with the time on stream. This is due to the acid nature
of the c-Al2O3 support, which favors ethanol dehydration (reaction
(3)), in competition with ethanol decomposition (reaction (4)).
C2H5OH! C2H4 þH2O ð3Þ
C2H5OH! H2 þ COþ CH4 ð4Þ
The selectivity for ethanol dehydration on the catalysts sup-
ported on c-Al2O3 is responsible for the decrease in H2, CO and
CO2 production, observed in Fig. 4, and in H2 selectivity, observed
in Fig. 5. For the catalysts supported on c-Al2O3, the water con-
sumption was almost null (Table 2) after 6 h of reaction. This could
be due to the association of the WGSR (reaction (5)), which con-
sumes water, and dehydration of ethanol (reaction (3)), which in-
creases the water content, leading to a net water consumption
almost null after 6 h of reaction.
COþH2O! H2 þ CO2 ð5Þ
For the catalysts supported on SiO2 (Figs. 6 and 7) the produc-
tion of C2H4 was close to zero, due to the low acidity of the support,
which inhibits the dehydration of ethanol and also increases the
selectivity for H2, CO and CO2. Fig. 5 shows the selectivity for H2
production. It can be seen that the catalysts supported on SiO2 per-Fig. 5. Selectivity for H2 observed for the catalysts supported on c-Al2O3 and SiO2.formed better than those on c-Al2O3. Among the catalysts sup-
ported on SiO2, those prepared with methanol were better and
the catalyst prepared without calcination, CoSi(M), produced the
most H2.
Considering that the analysis of the liquid products collected
from the reaction efﬂuent indicated the formation of acetaldehyde
and ketone in trace amounts, the higher H2 selectivity for COSi(M)
could be due to the WGSR (reaction (5)), which is thermodynami-
cally favored at the temperature used for the reaction. Fig. 7 pre-
sents the CO2 selectivity of CoSi catalysts, and CoSi(M) presentsFig. 6. Gaseous composition of products of ESR on catalysts supported on SiO2, at
550 C, plotted against time on stream.
A.F. Lucredio et al. / Fuel 90 (2011) 1424–1430 1429the highest production. The higher CO2 production observed for
CoSi(M) can be due to the decomposition of CO to produce C (Table
2) and CO2, by the Boudouard reaction (reaction (6)), which is also
thermodynamically favored at the temperature used for the reac-
tion, but the high values of H2 and CO2 together with the values
of water conversion (Table 2) suggest the occurrence of WGSR
(reaction (5)).
2CO! Cþ CO2 ð6Þ
According to the results, samples prepared on the basic support
SiO2 were more selective to H2 production than those on the acid
support c-Al2O3, owing to inhibition of the dehydration of ethanol.
While there is no direct relation between the crystallite size and
the selectivity for H2, the samples prepared on SiO2 with the meth-
anolic solution did show higher selectivity for H2.
Regarding carbon deposition, the samples supported on c-Al2O3
produced a low carbon deposition, despite their favoring the pro-
duction of ethylene, which is a precursor of coke. This stability
against coking could be due to the small metal particle size on
these samples caused by the Co-support interaction, observed by
XRD and TPR, which can favor the better dispersion of Co species
after reduction.
To evaluate the type of carbon formed, Raman analysis of the
samples was carried out after the catalytic tests and results are
presented in Fig. 8.
Fig. 8A displays the Raman spectra of the carbon produced on
the catalysts supported on SiO2. Signals are observed in the region
of 1100–1700 cm1. The peaks centered at lower wavenumbers
correspond to amorphous carbon species, which may be polymeric,
nanoparticles or defective ﬁlaments. The peak at 1350 cm1 ob-
served for the catalyst CoSi(MC) represents the so-called D bandFig. 7. Selectivity for CO and CO2 observed for the catalysts supported on SiO2.
Table 2
Ethanol and water conversion; carbon deposited after 6 h of ESR at 550 C.
Catalyst Conversion (%) Carbon (mmol1)
C2H5OH H2O
CoAl(MC) 99.8 0 1.8
CoAl(M) 99.9 0 0.4
CoAl 99.9 0 1.7
CoSi(MC) 98.7 34 1.5
CoSi(M) 98.6 32 2.3
CoSi 98.8 11 2.1[16] and the bands centered around 1200 cm1 are characterized
as amorphous coke species [17]. Shoulders around 1600 cm1
could be related to coke species with an ordered structure (gra-
phitic carbon), being the so-called G band [18]. The presence of
these signals shows the heterogeneity of the carbon species formed
during the reforming of ethanol.
The intensity of the D band relative to the G band can be used as
a qualitative measure of the formation of different kinds of carbon
[19–21]. As observed in Fig. 8A and Table 3, the amorphous coke is
present in higher proportion in all three catalysts. The higher pro-
portion of amorphous coke species on SiO2 could be attributed to
the deposits of polymeric carbon formed from the ethylene ob-
tained by the ethanol dehydration [22]. The low concentration of
graphitic carbon is due to the low temperature used for the reac-
tion, which is unfavorable for CH4 decomposition. The formationTable 3
Intensity of the D band relative to the G band.
Catalyst ID/IGa
CoSi(M) 2.50
CoSi(MC) 1.65
CoSi 1.13
CoAl(M) 2.30
CoAl(MC) 2.10
CoAl 2.24
a Calculated from IG/ID using formula from Jawhari et al.
[20].
Fig. 8. Raman spectra of carbon species formed after ESR reaction. (A) Samples
supported on SiO2 and (B) samples supported on c-Al2O3.
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1350 cm1 [16], on the catalyst CoSi(MC), could be due to the low-
er particle size of the Co species (16.1 nm), compared to the other
catalysts supported on SiO2. As reported by Lee and Li [17], for Ni
catalysts, a lower nickel particle size favors the formation of ﬁla-
mentous carbon at a low growing rate, due to the low driving force
for carbon diffusion through the small crystals. In general, the cat-
alysts supported on c-Al2O3 performed similarly to those
supported on SiO2, with the same carbon signals; however, accord-
ing to Fig. 8B and, the Raman signals are centered around
1350 cm1, which corresponds to the D band, indicating the forma-
tion of ﬁlamentous carbon as observed for CoSi(MC). Table 3 shows
the intensity of the D band relative to the G band and it is possible
to see the amorphous coke is present in higher proportion in all 3
catalysts and also in higher proportion than catalysts supported on
SiO2, probably due to the higher formation of ethylene, precursor
of polymeric carbon, obtained by the ethanol dehydration on the
acid sites of c-Al2O3 [22]. As already mentioned, the Co particle size
can be responsible for the behavior observed, and all the catalysts
supported on c-Al2O3 exhibited similar particle sizes, close to 14–
17 nm, a value similar to the that of CoSi(MC) catalyst (16 nm),
indicating that the particle size may determine the type of carbon
formed.4. Conclusion
The impregnation method, using methanol as the solvent, offers
an improvement in the performance of Co catalysts supported on
SiO2 in the ethanol steam reforming reaction. When c-Al2O3 is
used, the acid nature of this support inﬂuences the performance
of the reaction, independently of the solvent used in the prepara-
tion of the catalyst, and the dehydration of ethanol is favored.
The best H2 production was obtained with Co catalysts supported
on SiO2 prepared with the methanolic solution. The Raman results
of the samples after the catalytic tests indicated that the particle
size had an inﬂuence on the type of carbon formed.Acknowledgements
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